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Introduction
Under pressure from environmental regulations and fuel consumption reduction policies, the automotive industry is moving towards wider use of weight-saving materials for the manufacture of car bodies-in-white. Along with aluminum and magnesium alloys, sheet advanced high strength steels (AHSS) are among the most promising such materials, combining increased in-use strength with good formability during forming stage. The industrial use of sheet AHSS faces several difficulties, including exacerbated springback compared to the classical, deep-drawing quality mild steels. Finite element analysis is regularly used during the die design stage to compensate die geometries with respect to the estimated part springback. It is also used for forming process optimization, e.g., to determine the optimal blank holding pressure in order to reduce springback while ensuring formability.
A variety of draw-bending experiments have been used to reveal the springback behavior of sheet metals. Most such tests use two-dimensional geometry for simplified analysis and simulation, while also being representative of many industrial parts. Flanged channels are typical for such analysis and they have served for various benchmark analyses [1] . The flow of sheet metal over the die radius induces side-wall curl after unloading due to non-uniform straining across the sheet thickness and the corresponding non-uniform stress distribution. Most studies in the literature emphasize the prominent influence of sheet tension on springback. However, the back force in a channel-drawing test is only indirectly imposed, as a result of the applied blank-holding force and the friction between the flange and both the die and blank-holder. Accordingly, specific springback tests have been designed so that the back force is directly controlled. One such test, the bending-under-tension (BUT) test, was initially designed for measuring friction forces and coefficients [2, 3] . In the BUT test, the sheet metal strip is drawn over a tool radius with its front and back sides forming a pre-defined angle, usually 90°. The front end of the specimen is drawn at constant velocity while a constant back force is applied at the back end, usually by means of hydraulic actuators as illustrated in Figure 1 (a and b). Kuwabara and co-workers [4, 5] were the first to use this test to investigate springback; their analytical models captured the main trends although they were not able to precisely predict the springback geometries in all situations. Subsequently, Wagoner and coworkers [6] [7] [8] [9] have thoroughly exploited this test for springback investigations. The guidelines set for an accurate finite element simulation of the BUT test and the clarification of the influence of secondary curvature, a characteristic of this particular test, are especially useful. Several dimensionless parameters were proposed to summarize the main effects. Specifically, the Searle parameter 2 w Rt characterizes the shape and influence of the secondary curvature, and the die radius vs. thickness ratio R t exhibits significant influence on the springback behavior. Low values of the die radius vs. thickness ratio have been shown to compromise the use of shell elements for springback simulations, and a drastic drop in springback measures is recorded. Several sheet metals were subjected to this test, including AHSS [10] . The influence of back force on springback was shown to be quasi-linear in most analyses, except for some sheet aluminum alloys [6] where a nonlinear trend was due to the inference of changes in secondary curvature. Figure 1 . The 90° bending-under-tension test : a) schematic description; b) example of the LEM3 experimental set-up; c) springback measures; d) experimental and predicted springback for mild steel DC06 [11] using a tool radius of 6 mm and a 0.5 back force factor 1 .
Springback predictions were attempted both analytically [4] and by finite element simulations. The latter have been shown to be particularly sensitive to numerical factors and have been thoroughly investigated in [7, 8] . Accurate springback predictions were shown (analytically) to require up to 50 through-thickness integration points (TTIP). However, many numerical experiments in the literature have indicated that this recommendation is often excessive. Two arguments seem to explain these apparently contradictory guidelines. The convergence of predicted springback measures when increasing the number of TTIP is not monotonic and it exhibits many oscillations. Thus a set of discrete values of TTIP may show an optimistic convergence rate. On the other hand, it has been shown [12] that the boundary conditions used for analytical springback computations have a considerable influence on the required number of TTIPs; force-type boundary conditions require a much smaller number of TTIPs for the same accuracy compared to the more classical displacement-type boundary conditions.
The aim of the current work was to investigate the springback behavior of four advanced high strength sheet steels. Materials with thicknesses of 2 mm and 4 mm were selected because the literature scarcely explores sheet metals with thicknesses larger than 1.5 mm. The investigation was performed with industrial relevance in mind. For the numerical simulation the Abaqus finite element (FE) software was used with its built-in constitutive models and finite elements. Some of the guidelines from literature were reviewed in this framework to address their applicability in the case of the strength and thickness ranges considered in this study. More specifically, the influence of the back force, radius vs. thickness ratio, secondary curvature, hardening model, element type and mesh density were investigated. 1 The back force factor is defined as the ratio between the applied back force, and the force required to plastify the actual sample in uniaxial tension. The materials and experimental procedure are presented in Section 2, together with experimental springback measurements. Section 3 discusses the general trends in terms of die radius vs. thickness ratio, back force factor and secondary curvature effects. In Section 4, the numerical simulation is described and its results are analyzed, before final conclusions are drawn in Section 5.
Bendingundertension experiments
Dual phase, transformation-induced plasticity (TRIP) and ferrite-bainite sheet steels were used along with a drawing quality DC06 sheet steel, which served as reference. The materials were provided and characterized by third parties in the framework of a joint project. The tensile properties of the materials are listed in Table 1 [13] . Figure 2 shows the corresponding stress-strain curves obtained by tensile testing in the rolling direction. It is noteworthy that the four yield stresses of the AHSS are similar, with different values of ultimate tensile strength implying different hardening rates. The two TRIP steels with two different thicknesses had very similar behavior. The mean anisotropy coefficients of the AHSS sheets were close to unity (between 0.85 and 1.15) whereas the coefficient was 2.33 for the mild steel. Three of the tested sheets were thicker than those commonly reported in the literature, which are typically less than 1.5 mm thick. The width of the BUT samples was reduced to 12 mm for all of the tests in order to test 4-mm thick sheets and also to allow for back force factors up to 1.1. These particular geometries have seldom been used in the literature, and thus, they serve to extend the validation of experiment-based guidelines on springback. Figure 2 . Tensile stress-strain curves of the four sheet AHSS (solid lines) and of the classical DC06 mild steel (dashed line) used as reference material [13] .
Several measurements can be used to characterize springback. The springback angle θ ( Figure  1c ) is defined as the magnitude of the deviation from the shape of the part before unloading. In the BUT test, this angle is the result of elastic deformation in the tool radius zone where the sample only experiences bending, and the elastic deformation in the side-wall zone where the sample experiences bending and un-bending. The two angles corresponding to the two contributions can be measured separately, yet it was demonstrated that the errors associated with the two individual measurements are much larger than the error for θ [6] . In particular, the relative error for the bending zone is sufficiently large to prevent the extraction of any reasonable trend with regular measurement means [6, 11] . Thus the total angle θ will be systematically used in this work. Another important parameter concerns the side-wall curl, because it is the main contribution to the overall shape change. At least three measurements were used to quantify the side-wall curl: the side-wall curvature [4] , its radius ρ [6] , and the curl height over a pre-defined arc [10] . These three values are linked by straightforward geometrical relationships. Figure 3 depicts their variation as functions of the corresponding springback angle, over a range of angles typical for sheet metal springback. The wall radius ρ exhibits very non-linear behavior, and an infinite discontinuity at zero prevents simple, intuitive interpretations of this springback measure. In contrast, the curl height and curl curvature exhibit remarkably linear trends within the range of angles relevant for springback in spite of the apparent nonlinearity of the equations. In the current investigation, the curvature will be used to characterize side-wall springback because it does not require an arbitrary choice of an arc-length for the measurement. The BUT tests were conducted using the test facility at the IUL Institute, Dortmund University [14] . Free roller tools were used with tool radii of 5, 10 and 15 mm. Three levels of back force were set, determined for each material as pre-defined fractions of the force required to plastify the material. These so-called back force factors were equal to 0.5, 0.8 and 1.1. Most references in the literature report that springback diminishes quasi-linearly with back force. In some cases this diminution is strongly accelerated for back force factors larger than 0.8, especially for aluminum alloys [6, 9] . All of the test specimens were 400 mm long and 12 mm wide. The tests were conducted with the front actuator in constant velocity control, and the back actuator in load control. All materials and conditions were tested with duplicate samples, at a bending angle of 90°.
After the tests, the inside surface of all deformed, load-free samples was traced on paper and scanned at scale. Ten equi-distant points were digitized along the middle two-thirds of the side-wall subjected to bending-unbending. A Matlab code was written to fit these points to a circle and calculate its radius and curvature. In addition, the springback angle of the front, straight portion of the sample was measured with the same digitization technique with additional points. The measurement error associated with this procedure was less than ±1°.
The experimentally measured springback results are summarized in Table 2 . The DC06 material was tested on a recently developed experimental setup [11] with a 6 mm tool radius. The two sheet materials with 2 mm thickness were the most thoroughly investigated. The remaining materials were tested over reduced ranges of tool radii (for small thicknesses) and back force (for the 4 mm sheet). Negative angle and curvature values designate the springforward phenomenon, which occurred for three configurations in the series. 
Analysis of experiments and discussion
The experimental springback results for the five materials exhibited several common trends. Due to the large thicknesses, the tool radius vs. thickness ratio took smaller values than those regularly observed in the literature, especially for the tool radius of 5 mm. Figure 4 (left) shows the impact of the R/t ratio on the springback angle. These results confirm that increasing the R/t ratio slightly reduces the springback in most cases. However, for R/t smaller than a certain limit, the springback angle decreased when R/t decreased, and this behavior even led to a sign change indicative of spring-forward. Although the tested materials had different thicknesses and mechanical behavior, except for the yield stress, it seemed that the critical value was in the range of 4-6 for all of the materials. This corroborates previous results [6] , where mild steel, HSLA steel and aluminum alloys up to 1.5 mm thick were tested. The current analysis confirms the apparent generality of this behavior, which could be an effective means for springback control as long as formability is not affected. Indeed, critical R/t ratios, below which fracture may occur, have been reported, which is especially important for AHSS [15] . Figure 4 also demonstrates that this trend is identical both in terms of springback angle and side-wall curvature. The influence of the applied back force was quasi-linear in all cases ( Figure 5 ). Larger k values produced smaller springback, and the differences due to the different materials or tool radii also diminished as k increased. Similarly, the range of springback angles diminished as k increased; k=0.5 produced the largest experimental springback angle of 57°, which was three times larger than the 19° maximum for k=1.1. In the last decade, the secondary curvature of a sample has been also identified as an important factor that influences springback in a BUT test [9] . When subjected to bending and un-bending, the sample's cross-section deviates from the reference rectangle and it may take different shapes. The new shape depends on a dimensionless parameter defined by w w t ρ ⋅ , were w, t and ρ are the sheet width, thickness and radius of the primary bending curvature, respectively [16] . For small values of this parameter (less than unity), the secondary curvature is constant. For values larger than 20, the secondary curvature approximates zero in the central area of the cross-section and increases in the vicinity of the edges. In several reports, it was found that important variations in Searle's parameter can interfere with the intended variation of another factor, i.e., back force or tool radius, and strongly modify the trends. Consequently, Searle's parameter was calculated for the current experiments. Given the relatively reduced width and large thickness, the results are less than unity in all cases, ranging from a maximum of 0.8 for the 1.2-mm TRIP A (tool radius 5 mm, back force factor 0.5) to 0.008 for the 4-mm FB (tool radius 10 mm, back force factor 0.5). Consequently, the secondary curvature of the cross-section was almost constant, and it could be determined by measuring its height h at the middle of the cross-section (Figure 6, left) . Under the assumption of uniform curvature, the bending stiffness of the cross-section could be calculated analytically with respect to the shifted center of gravity. Figure 6 (right) shows its variation with the secondary curl height. It is obvious from this figure that, for the given strip width and in the range of measured secondary curl heights (less than 0.24 mm in all cases), the stiffness variation is negligible for sheets that are 2 mm or thicker. Nonetheless, it can be important for thin sheets that are 1 mm or less. The variation of Young's modulus with plastic strain has more influence, as it is a factor for the moment of inertia in the bending stiffness formula ( Figure 6 , thick black curve). It is noteworthy that the centers of secondary and primary curvature were situated on the same side of the sample (synclastic surface). This shape was obtained during the forming process and does not change after springback. An anticlastic surface was observed during the bending stage, while the sample was in contact with the tool. The primary curvature suddenly decreased at the tool radius exit, causing the secondary curvature to change signs. The sample surface then becomes synclastic and remains so after the springback stage. This particular sequence of a cross-section shape change is wellreproduced by the FE simulations with 3D solid elements (see Section 4).
The thickness variation of the samples in the primary curl area was also measured, along with the secondary curvature. A thickness reduction was consistently observed in all of the configurations, with thickness variations as large as 0.4 mm. For the 2-mm sheets (DP A and TRIP B), the final thickness vs. initial thickness ratio varied from 0.94 when k = 0.5 and R = 15 mm, to 0.82 when k = 1.1 and R = 5 mm. This factor had the strongest influence on the cross-section stiffness ( Figure 6 , thick gray curve) due to its weight in the expression for the moment of inertia. In the authors' opinion, thickness variation is one of the major factors preventing accurate springback predictions by both analytical methods as well as shell finite elements for cases in which the tool radius vs. thickness ratio becomes too small. 
Numerical simulation of the BUT tests
For the numerical simulation of forming processes including springback, static implicit FE codes are recommended. Here, Abaqus/standard was used to simulate the BUT experiments using the built-in elasto-plastic model. First, guidelines from the literature concerning the numerical simulation of stretch-bending tests were verified for the proposed geometries (thickness and width). Next, two classical hardening models were compared over a variety of loading conditions to investigate the ability using BUT tests to reveal domains of validity and invalidity for particular constitutive models and/or corresponding sets of parameters.
The finite element simulation for the BUT test was performed in the following four steps: bending, tensile pre-straining up to the required back force, drawing and springback. The tool was considered rigid, which is an acceptable assumption in this test configuration [17] . Due to the particular geometries investigated, solid elements were used to model the samples. A refined mesh was chosen for the entire zone that was subjected to bending. Due to symmetry, only the half-width of the specimen was meshed using ten elements. Figure 7 illustrates the main steps of the simulation and the typical FE mesh used for the simulations. As emphasized in the literature, FE simulations of the BUT test are particularly demanding and costly. Very restrictive recommendations, especially with regard to mesh refinement, are reported. The particular geometries tested in this report have rarely been studied in the literature; thus, the sensitivity of the results to numerical parameters was investigated. The results of this sensitivity analysis are briefly summarized here for the 2-mm thick TRIP B sheet, with a tool radius of 5 mm and a back force factor of 0.5, and using isotropic hardening. As already reported in the literature for thinner materials [7] , the simulation of initial bending had virtually no influence on the final geometry after elastic unloading, although it induces non-negligible plastic strains: the springback angles predicted with and without the simulation of initial bending were identical. Figure 8 shows the impact of the number of elements through the thickness of the sheet when linear reduced-integration hexahedral elements are used. If only one such element is used through the thickness, bending cannot be simulated and the sample becomes straight again (with a springback angle of -90°) after elastic unloading. The predicted angle depends on the number of elements in an oscillatory manner, which depends on the relative position of the elastic-plastic transition points with respect to the integration points [8, 18] . Nevertheless, satisfactory convergence was quickly reached since the values obtained with four elements or more were within a ±1° range, which is a typical error margin for the springback angle measurement. Eight elements were considered in the thickness direction for all of the simulations reported in this section. The number of elements in the length direction exhibited little influence, as observed in Table 3 . The predicted values are very close to each other, and no trend was observed. Consequently, the selected meshes correspond to a 4° turn angle per element, which lead to element aspect ratios close to one.
The element type had an important impact on the springback results -as expected when forming problems involve bending. Shell elements provided accurate results for thicknesses of 2 mm or less, but these elements proved insufficient for small R/t ratios [7] and for 4-mm thick samples; thus, solid elements were preferred throughout. Table 4 shows that eight through-thickness elements are not sufficient to achieve convergence with each element formulation; fully integrated linear hexahedra predictions did not reach the reference values even when 14 elements were used (even though this corresponds to twice as many integration points in the thickness direction). This result is consistent with the recommendations of more than 50 through-thickness integration points given in [7] , which seem to be required for particular types of elements. Plane stress two-dimensional predictions proved accurate due to the reduced width of the samples. Accurate predictions with plane strain elements were obtained only in particular cases, while significant errors occurred in some situations. Plane strain simulations were only valid for large R/t ratios and should be avoided in the general case, especially with the sample geometry (width) under consideration. The predictions obtained with the reduced integration linear hexahedron were very close to those obtained with the quadratic hexahedron (used as reference), and this element was selected for subsequent simulations. Figure 8 . Sensitivity of the final geometry to the number of through-thickness elements (mesh refinement in thickness direction). The simulations correspond to a tool radius of 5 mm and a back force factor of 0.5, using isotropic hardening. Table 3 . Sensitivity of the final geometry to mesh refinement in the length direction, characterized by the turn angle per element in the bending-unbending region (see Figure 7 ). Number of elements through the thickness Associated elasto-plasticity material models are considered for the numerical simulation of the BUT tests. Such models are classically defined by the yield function (1) and the saturating, isotropic-kinematic hardening equations (2):
where σ is the Cauchy stress tensor, σ ′ is its deviator, σ designates the equivalent stress, X and R are internal variables describing the current position and size of the yield surface, respectively, ε is the equivalent plastic strain rate (plastic multiplier), and Y 0 defines the initial size of the yield surface. The material plastifies when the yield function vanishes. For the hardening model, the initial conditions R(0)=0 and X(0)=0 were used, and 0 , , , , and
Y C R C X are material constants. The von Mises yield function was used because the four AHSS are nearly isotropic. Accurate springback predictions based on the von Mises yield surface are available in the literature for various materials [7] , and this model has the advantage of being coupled with combined hardening equations in Abaqus. Two variants of the hardening equations were used to emphasize the impact of the hardening model on springback predictions. The first variant incorporated the complete, combined isotropickinematic hardening described by equation set (2), while the second variant included only the isotropic hardening component (X(t) = 0, ∀t). The parameters of the two models have been identified previously by Brunet and co-workers [19] using bending-unbending tests to activate kinematic hardening. Details on the parameter identification procedure can be found in [20, 21] . This identification approach seems well suited for BUT simulations because the test loading conditions are very similar to the identification loading conditions. Figure 9 shows the response of the isotropic hardening and combined hardening models for the DP sheet steel (2-mm thick). The Baushinger effect characteristic of DP steels can be observed even at small strains and was captured with the combined hardening model. The isotropic hardening model cannot describe the Baushinger effect; its parameters were identified in order to match those of the combined hardening model very closely along monotonic loading. This property is important when comparing the two model predictions against each other. Figure 9 . Tension-compression simulations with the isotropic hardening model (solid line) and the combined isotropic-kinematic hardening model (dashed line) for the DP steel.
The influence of the hardening model on springback angles for the 2-mm thick DP steel under various loading conditions is illustrated in Figure 10 . The predictions made by the combined isotropic-kinematic hardening model were always closer to the experimental results than those made by the isotropic hardening model alone. However, the differences between the two models became very small when the tool radius-versus-thickness ratios were greater than five, or when the back force factors approached unity. This may partially explain why the isotropic hardening is so frequently successful in industrial applications including springback predictions. It is noteworthy that the best predictions were obtained with a tool radius of 10 mm, corresponding to R/t = 5 in this case. This result is likely due to a very appropriate identification procedure, because the 10-mm tool radius is remarkably close to the 11-mm bending radius used during the parameter identification experiments [19] [20] [21] . Here, the various sheet tension and tool radius conditions induced very different strain ranges and histories. Figure 11 illustrates the stress-strain evolutions in the DP steel samples for the nine different loading conditions. All the simulations led to reverse loading, and very different levels of pre-strain and total strain are attained. Consequently, different final strain distributions are induced through the thickness of the sheet, as shown in Figure 12 . The strain component in the longitudinal direction is uniform, while the equivalent strain is at a maximum close to the surfaces. The strain level increases when the sheet tension increases and when the R/t ratio decreases. Both models eventually underestimated springback with very small tool radii and overestimated springback with large tool radii. This result is consistent with the comparison between simulated and experimental tensile stress-strain curves shown in Figure 13 . For R = 15 mm (R/t = 7.5), the tensile stress is slightly overestimated. For R = 5 mm (R/t = 2.5), strains larger than 0.3 are reached, which are not covered by the experiment. One may, however, suppose that the stress is underestimated at strains larger than 0.15. Springback naturally follows the same trends.
Together, these results suggest that even the combined kinematic hardening model adopted in the simulations is unable to predict all of the combinations of loading conditions in the series. This corroborates well with previous results obtained using channel drawing simulations [22] , where very small tool radii were shown to increase the sensitivity of springback to different combined hardening models. The studies of [19, 20] have shown that the use of an enhanced kinematic hardening model involving two backstress tensors is able to correctly describe the small-strain transient response in bending-unbending loading. Thus, it would improve the predictions at large tool radii. While such models are also likely to correctly predict largestrain behavior [23] , large strain parameter identification methods must be used [23] [24] [25] . It is noteworthy that using reduced sets of test conditions (e.g., only one tool radius) for the springback investigation would lead to inconsistent conclusions pertaining to the accuracy of the hardening model. On the contrary, using a wide range of test parameters allowed for a complete and discriminant analysis, within a single test facility. Figure 13 . Tensile stress-strain curves predicted by the two models; the ranges of cumulated plastic strain are indicated for the three sets of simulations corresponding to the three tool radii. Figure 12 also reveals that, due to the specific loading mode, the strain component in the thickness direction is significantly larger than the one in the width direction (despite the use of an isotropic yield surface in the simulations). Consequently, the sample width remains almost constant during the process, while its thickness is reduced significantly. As shown in Figure  14a , the final sample thickness is consistently predicted in all cases, with an onverestimation of 0.01-0.05 mm. Thickness is important for springback due to its influence on the bending stiffness ( Figure 14b ). The observed uniform thickness error is most certainly related to the plastic anisotropy of the material, which is neglected in the simulations. This approximation resulted in overall thicker, thus stiffer, samples. Finally, the good results for the tool radius of 10 mm are not only due to accurate stress predictions in the corresponding strain ranges but also due to the compensation of neglected factors such as plastic anisotropy (reducing springback by overestimating thickness, in this particular case), and the decrease of the apparent elasticity modulus (increasing springback [26] [27] [28] [29] ), etc. Table 5 shows that the thickness was overestimated at a larger extent with 2D elements, especially plane stress. Indeed, the plane stress condition is not entirely respected even for 12-mm wide specimens. Figure 15 shows the evolution of all of the diagonal stress components at material points located on the inner/outer surfaces of the sample. The stress component in the width direction ( 33 σ ) is far from zero and complex stress states are particularly observed during the compressive stages. This explains the stress "overshoot" that is clearly visible in Figure 11 (with respect to Figure 9 and Figure 13 ), which may influence the final stress distribution and eventually springback. Consequently, 3D solid elements are required to simulate processes involving bending over small radii. 
Conclusions
In this work, thick sheet AHSS materials were investigated using BUT tests with 12-mm wide specimens and finite element simulations to address the relevance and validity of guidelines from the literature concerning springback. The following conclusions were drawn:
• Springback decreased almost linearly as sheet tension increased. In general, springback decreased for larger tool radii, this effect being less significant than that of sheet tension. However, this trend was completely reversed at small R/t ratios. Below a certain limit, smaller tool radii induced a decrease in springback until annulation or even springforward. For the materials, thicknesses and back forces examined in this work, the limit between these two zones was approximately R/t = 5. • Secondary curvature had little influence on the results because the Searle parameter was less than unity in all cases due to the chosen sample geometry. Consequently, no interference from changes in cross-section shape was observed when studying the effects of other parameters.
• Thickness reduction systematically accompanied the BUT tests and was of primary importance on springback. This is believed to restrict the application of analytical solutions, finite element plane strain or plane stress solutions, or even shell element solutions for small R/t and w/t values.
• The curvature appeared to be the most intuitive measure for side-wall springback.
• The mesh density requirements for finite element springback predictions were more demanding than for forming simulations, as frequently underlined in the literature; eight elements were required in the through-thickness direction. Plane strain and plane stress 2D models could not accurately predict all of the loading conditions investigated.
• Using the kinematic hardening model improved the predictions made with the isotropic hardening model alone. However, both models predicted similar springback results for back forces close to unity or for large R/t ratios. The BUT tests proved useful for addressing the accuracy of the hardening model, provided that several testing conditions (sheet tension and R/t ratio being the main factors) were combined. Figure 15 . Evolution of the diagonal Cauchy stress components in the sample frame for DP steel with a tool radius R = 5 mm and sheet tension factor k = 1.1 for material points located on the outer (black lines) and the inner surface of the sample (gray lines) in its plane of symmetry. The combined hardening model is used. 
